It has been suggested that inadequate ratios of Trp to large neutral amino acids (LNAA; sum of Ile, Leu, Val, Phe, and Tyr) may inhibit feed intake of animals fed low CP diets. This study was conducted to examine this relationship as a potential contributor to the reduced performance of broilers fed low concentrations of CP. Using corn and soybean meal of known composition, diets were formulated to provide a minimum of 100 and 110% of NRC [1] amino acid requirements with 22, 20, 18, or 16% CP. The dietary electrolyte balance was maintained at a minimum of 250 mEq/kg. The Trp:LNAA ratio (Trp as percentage of LNAA) ranged from 4.14 to 4.72% in these diets; additional diets were supplemented with Trp to attain Trp:LNAA ratios of 5.0 to 6.0%. Each treatment plus a positive control 23% CP diet were fed to 6 replicate pens of 6 male chicks from 1 to 21 d. Performance of chicks fed the 22% CP diets, with either 100 or 110% of NRC amino acid recommendation, did not differ significantly from that of chicks fed the 23% CP positive control diet. A further reduction of CP to 20% or less resulted in significant reduction in BW and increased feed conversion ratio. Increasing minimum amino acids from 100 to 110% of NRC did not help overcome this reduction in performance and, in fact, may have contributed to reduced performance of chicks fed diets containing 16% CP. The ratio of Trp:LNAA had no significant effect on any of the parameters measured; therefore, the reduced performance at lower CP concentrations does not appear to be a deficiency of Trp or due to an imbalance among these amino acids.
DESCRIPTION OF PROBLEM
Attempts to reduce overall CP content of broiler diets have been successful to a point, but most researchers agree that at some reduced level of CP the overall performance of the bird suffers even though theoretically one has met all requirements for those amino acids considered as essential. Failure to attain optimum performance may be attributed to a number of factors, including reduced levels of potassium or altered ionic balance, lack of sufficient nitrogen pool to provide for synthesis of dispensable or nonessential amino acids, and imbalances among certain amino acids, such as Arg:Lys or branched-chain amino acids.
Inadequate ratios of Trp to large neutral amino acids (LNAA) may be a factor inhibiting feed intake of animals fed diets low in CP [2, 3, 4, 5, 6, 7, 8] . Trp serves as a precursor to serotonin, a neurotransmitter highly involved in feed intake regulation. In pigs, LNAA have been shown to compete with Trp for its passage through the blood-brain barrier, prior to serotonin synthesis in the brain; the resulting decrease in hypothalamic serotonin concentration below a threshold level was associated with lower feed consumption and decreased growth rates [7] . Peisker et al. [9] suggested that low Trp:LNAA ratios did not support maximum performance in young piglets; however, this may have been due to a deficiency of Trp per se rather than a true effect of Trp:LNAA ratios.
Another factor that must be considered in attempting to reduce CP concentrations by amino acid supplementation is that little research has been done with practical type diets to assess the requirements for many of the essential amino acids, other than Met, Lys, and Thr. The objective of the present study was to evaluate the possible effects of concentrations of essential amino acids and Trp:LNAA ratios on performance of broilers fed diets formulated primarily of corn and soybean meal supplemented with crystalline amino acids.
MATERIALS AND METHODS

Diet Formulation
Corn and soybean meal were sampled prior to diet formulation to determine moisture and CP content. Based on the results of these assays, the amino acid concentrations suggested for these ingredients by NRC [1] were adjusted proportionally. In all diets, several stipulations were established. The dietary electrolyte balance ((Na + K) − Cl) was set at a minimum of 250 mEq/ kg as suggested by Mongin [10] . Sodium and chloride were maintained at a ratio of 1:1 as suggested by Hurwitz et al. [11] with a minimum sodium level of 0.25% as suggested by Murakami et al. [12] . A positive control diet was formulated that provided 23% CP and a minimum of 110% of recommended [1] amino acid concentrations (diet 1, Table 1 ). Diets were then formulated in which the CP was fixed at 22, 20, 18, and 16%. Within each of the CP series, diets were formulated in which the minimum concentrations of essential amino acids were either 100 or 110% of NRC recommendations. The CP and ME contributions of the amino acids [1] were considered in formulation. The composition of the diets is shown in Table 1 .
Calculations were made of the balance between Trp and LNAA for the basal diets; these ranged from 4.14 to 4.72% Trp as percentage of LNAA. Additional diets were obtained by supplementing aliquots of these diets with sufficient Trp to produce Trp:LNAA ratios of 5.0 and 6.0%. This resulted in a 4 × 2 × 3 factorial arrangement of treatments with 4 concentrations of CP, 2 concentrations of amino acid fortification, and 3 Trp:LNAA ratios. Along with the positive control diet, this resulted in a total of 25 diets. Each of the test diets was fed to 6 replicate pens of 6 male broilers in battery brooder pens; the control diet was fed to 18 replicate pens of 6 male broilers in each pen.
Birds and Housing
Day-old male chicks of a commercial broiler strain [13] were obtained from a local hatchery where they had been vaccinated in ovo for Marek's disease and had received vaccinations for Newcastle disease and infectious bronchitis posthatch via a coarse spray. They were randomly assigned to compartments in electrically heated battery brooders with raised wire floors. Six chicks were placed in each of 162 compartments. The experimental diets, offered in mash form, and tap water were available for ad libitum consumption. Fluorescent lamps provided 24-h lighting. 16 .53 IU; vitamin B 12 0.013 mg; riboflavin 6.6 mg; niacin 39 mg; pantothenic acid 10 mg; choline 465 mg; menadione (from menadione dimethylpyrimidinol) 1.5 mg; folic acid 0.9 mg; thiamin (from thiamine mononitrate) 1.54 mg; pyridoxine (from pyridoxine hydrochloride) 2.76 mg; DL-biotin 0.066 mg; ethoxyquin 125 mg; Se 0.1 mg.
Measurements
Birds were group weighed by pen at 1, 7, 14, and 21 d. Feed consumption during each period was determined. Mortality was checked twice daily; all birds that died were weighed, and the weight used to adjust feed conversion [gram feed consumed/(weight of live birds + weight of dead birds)]. All diets were analyzed in duplicate for CP and total amino acid concentrations by a commercial laboratory specializing in amino acid analysis [14] . At d 18, excreta were collected for a 24-h period, freeze dried, and analyzed in quadruplicate for total nitrogen content.
Statistical Analysis
Pen means served as the experimental unit. Data were first analyzed using single-degree comparisons of performance of chicks fed the test diets to that of the positive control. Following that, the positive control group was removed from analysis, and the data analyzed as a complete factorial arrangement with main effects of CP, amino acid level, Trp:LNAA ratios, and all possible 2-way and 3-way interactions. Mortality data were transformed to √ n + 1 prior to analysis; data are presented as natural numbers in tables. The data of excreta nitrogen content were subjected to regression analysis using the PROC REG function of SAS software [15] . Statements of probability are based on P ≤ 0.05.
RESULTS AND DISCUSSION
Analyzed CP and amino acid values are presented in Table 2 . Though analyzed CP values were higher than calculated, analyzed value of individual amino acids were in good agreement with calculated ones. Therefore, discussion of concentrations of amino acids or ratios of amino acids in the results is based upon calculated values, since these were derived from a database consisting of hundreds of samples rather than individual assays.
Performance of birds fed the diets with 22% CP with either 100 or 110% of NRC [1] recommended amino acid concentrations did not differ significantly from that of chicks fed the 23% CP positive control diet for BW, feed conversion, or mortality at any age (data not shown). Therefore, the performance of birds fed the diets with 22% CP was considered valid as a standard of comparison for the various dietary factors evaluated in the trial.
The effects of dietary CP, amino acid level, and TRP:LNAA ratio on BW are shown in Table  3 . The Trp:LNAA ratio had no significant effect on 21-d BW, and there was no interaction between Trp:LNAA ratio and the CP or amino acid content of the diet. The CP content, but not the amino acid status, of the diet significantly influenced BW; however, there was a significant interaction between these 2 factors. Overall, birds fed diets with less than 22% CP and a minimum of 100% of NRC-recommended amino acid concentrations weighed significantly Within comparisons, means with common superscripts do not differ significantly (P < 0.05).
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Within row, means with common superscripts do not differ significantly (P < 0.05). less than those fed the diets with 22% CP at all ages (data for 7 and 14 d not shown for brevity). However, when the minimum amino acid content of the diet was increased to 110%, performance of birds fed 20% CP diet did not differ significantly from that of the birds fed the 22% CP diet. Increasing the minimum amino acid concentrations in diets containing 18% CP was of no benefit. When diets contained 16% CP, increasing the minimum amino acid concentrations actually resulted in a reduction in BW. The effects of dietary CP, amino acid status, and TRP:LNAA ratio on feed conversion by broilers is shown in Table 4 . The TRP:LNAA ratio had no significant effect on feed conversion, with no significant interactions between the TRP:LNAA ratio and the CP or amino acid content of the diet. Both the CP content and the amino acid status of the diet significantly influenced feed conversion, but there was no significant interaction between CP content and amino acid status of the diet. Birds fed diets with 110% of NRC [1] recommended amino acid concentrations had significantly improved feed conversion compared with those fed 100% of the minimum recommendations. Birds fed diets with 22% CP had better feed conversion than those with 18 or 20% CP, which in turn had better conversion than those with 16% CP.
Reducing the CP content of the diet to 16% resulted in increased mortality at 21 d of age compared with those fed 18 or 22% but not those fed 20% (Table 5 ). There was a significant interaction between Trp:LNAA ratio and amino acid concentrations on mortality at 21 d; however, this followed no consistent trend. Mortality is subject to considerable variation, and caution should be taken in interpreting these data due Within columns, means with common superscripts do not differ significantly (P ≤ 0.05).
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Within rows, means with common superscripts do not differ significantly (P ≤ 0.05). For every 1% decrease of dietary CP, there was about 0.3% less nitrogen excreted in the excreta. This is in agreement with Schutte [16] and Si et al. [17] . Schutte concluded that in broiler chick diets based on corn-soybean meal with adequate Lys and Met, the protein level could be reduced 1.5 to 2%, and the nitrogen excretion would be reduced by 15 to 20%. It is interesting to speculate as to the reasons for the reduced performance on the diets with 16% CP. The reduction does not appear to be due to a deficiency of Trp per se or to an imbalance between Trp and the LNAA. The percentage of LNAA in the diet decreased with the ratio of Trp to LNAA increasing slightly as the diet was reduced in CP ( Table 2 ). The ratio of essential amino acids as a percentage of total protein remained a rather constant proportion of the dietary CP. Bedford and Summers [18] suggested an optimal essential: nonessential amino acid balance of 55:45; a ratio close to that observed overall CP concentrations in this study. Dietary electrolyte balance was maintained at a minimum of 250 mEq/kg over all diets as suggested by Mongin [10] , although a previous study in our laboratory indicated that maintaining a constant Within columns, means with common superscripts do not differ significantly (P ≤ 0.05). dietary electrolyte balance was ineffective in overcoming the adverse effects of reduced dietary protein [17] .
Although most essential amino acid concentrations tend to decline toward their minimum requirements as dietary CP concentrations decrease, 1 notable exception exists. As dietary CP declines, the level of Met per se increased considerably above its minimum requirement, and especially when the minimum amino acid concentrations are increased to 110% of NRC [1] recommended concentrations. This increase in Met is the result of meeting minimum needs for TSAA by the addition of DL-Met, as supplemental cystine was not used in this study due to its extremely high cost. Adverse effects of excess concentrations of individual essential amino acids on broiler performance have been reported [19, 20, 21] . These reports considered the addition of 3 to 4% excess of the essential amino acid needs; little or no information is available regarding the use of lower concentrations of amino acids. Methionine is known to be one of the more toxic of amino acids when fed in excess, and it is interesting to speculate as to whether this increased level may inhibit feed intake sufficiently on the low CP diets to account for the reduced BW gains.
Although all the essential amino acids concentrations are above NRC [1] recommended concentrations, most of them tend to decline toward their minimum requirements as dietary
CONCLUSIONS AND APPLICATIONS
1. Overall, birds fed diets with less than 22% CP and a minimum of 100% of NRC-recommended amino acid concentrations weighed significantly less than those fed the diets with 22% CP. 2. When the minimum amino acid content of the diet was increased to 110%, performance of birds fed 20% CP diet did not differ significantly from that of the birds fed the 22% CP diet. 3. Increasing the minimum amino acid concentrations in diets containing 18% CP was of no benefit and when diets contained 16% CP, increasing the minimum amino acid concentrations actually resulted in a reduction in BW. 4. Within the range of concentrations evaluated in this study, the ratio of Trp to large neutral amino acids (LNAA; sum of Ile, Leu, Val, Phe, and Tyr) had no significant effect on overall performance and did not appear to contribute to reduced performance on amino acid supplemented diets low in CP. 5. More research needs to be done on requirements for individual amino acids other than Met, Lys, and Thr in diets low in CP.
